A central idea in strongly correlated systems is that doping a Mott insulator leads to a superconductor by transforming the resonating valence bonds (RVBs) into spinsinglet Cooper pairs. Here, we argue that a spin-triplet RVB (tRVB) state, driven by spatially, or orbitally anisotropic ferromagnetic interactions can provide the parent state for triplet superconductivity. We apply this idea to the iron-based superconductors, arguing that strong onsite Hund's interactions develop intra-atomic tRVBs between the t 2g orbitals. On doping, the presence of two iron atoms per unit cell allows these inter-orbital triplets to coherently delocalize onto the Fermi surface, giving rise to a fully gapped triplet superconductor with a staggered structure of onsite pair correlations, detectable as an alternating π phase shift in a scanning Josephson tunnelling microscope.
Thirty years ago, Anderson proposed [1] the intriguing idea that the resonating valence bonds (RVBs) of a spin liquid could, on doping, provide the fabric for the development of unconventional superconductivity. A key aspect of the RVB theory, is that it departs from weak-coupling approaches to superconductivity, positing that instead of a pairing glue, superconductivity develops from the entangled pairs already present in a spin liquid. RVB theory provides a natural account of the connection between d-wave pairing and antiferromagnetism [2] in almost-localized systems, a connection that has proven invaluable to the understanding of many families of superconductors, from the cuprate superconductors, to their miniature cousins, the 115 heavy-fermion compounds [3] .
However, to date, there is no counter-part of RVB theory that applies to ferromagnetically correlated materials. There are a wide variety of unconventional superconductors which, to some extent or another, involve strong ferromagnetic (FM) spin correlations. Examples include uranium-based heavy fermion materials [4, 5] which lie close to a FM quantum critical point, candidate low-dimensional triplet superconductors such as the Bechgaard salts [6], twisted double bilayer graphene, [7, 8] and various transition metal superconductors [9, 10] , notably the iron-based and ruthenate superconductors, which as Hund's metals involve strong local FM correlations between orbitals. Various papers have speculated that the Hund's interactions might provide the origin of the pairing in these systems [11] [12] [13] [14] [15] [16] .
Is there a ferromagnetic analog to the RVB pairing mechanism? Here we build on an observation [17] that magnetic anisotropy in a ferromagnet plays an analogous role to frustration in an antiferromagnet (AFM), generating a fluid of triplet resonating valence bonds (tRVBs). We propose that like their singlet cousins, tRVB states can, on doping, lead to the development of triplet pairing. One of the exciting features of this idea, is that tRVBs can form within the interior of Hund's coupled atoms, which under the right symmetry conditions [15, 18] can coherently tunnel into the bulk to develop triplet superconductivity [19, 20] .
Consider an easy-plane FM interaction H ij = −J S i · S j + ∆JS z i S z j , (J > 0) between two spin-1/2 moments S i and S j . In the Heisenberg limit (∆J = 0) and in the presence of a small symmetry breaking Weiss Field, the ground-state is a product state which lacks entanglement. Suppose the magnetization points in the x direction, the product ground-state can then be written in terms of triplets,
(1)
An easy-plane anisotropy (∆J > 0) projects out the equal-spin pairs on the right-hand-side, stabilizing an entangled spin-1 ground state with m z = 0. In the corresponding easy-plane ferromagnet, with Hamiltonian H = (i,j) H ij , the intersite couplings preserve the m z = 0 structure of the valence bonds, and the resulting ground-state is a quantum superposition of triplet pairs which retains its ferromagnetic correlations, and may even exhibit long-range order [21] .
Our interest in a tRVB ground-state lies in its potential as a pre-entangled parent state of a triplet superconductor. In classic RVB theory, an antiferromagnetic superexchange interaction, is decoupled in terms of singlet pairs [22] :
where we have used a fermionic representation of the spins, S j = ψ † j σ 2 ψ j . The corresponding relation for triplet valence bonds is obtained by rotating the spin co-ordinate system at site j through 180 • about the z-axis, which gives
demonstrating how xy anisotropy stabilizes a triplet pair.
The most direct application of the tRVB idea considers an easy-plane Heisenberg ferromagnet: by analogy with the singlet RVB pairing mechanism, doping with holes drives the formation of a triplet superconductor. On a square lattice, this scenario leads to a p x + ip y triplet superconductor, to be presented elsewhere. A more dramatic possibility, in which i and j represent orbitals of a single atom, permits us to apply the tRVB idea to Hund's coupled metals. Here an application of particular current interest, is as a theory for iron-based superconductors (FeSC).
The family of FeSC are characterized by high transition temperatures with a fully gapped Fermi surface. The presence of antiferromagnetic correlations and a marked Knight shift has led to the long-held assumption that these materials are spin singlet superconductors [9, 23] . The recent observation of a robust ratio 2∆/T c ∼ 7.2 between the gap ∆ and the transition temperature T c across the large family of FeSC [24] motivates the search for common pairing mechanism. In this paper, we propose that these systems are ideal candidate tRVB superconductors, with a fully gapped Fermi surface, an anisotropic Knight shift and an alternating pair wave-function.
The symmetry properties of a Hund's coupled triplet superconductor were first considered by Anderson [15] , who observed that in systems with a center of inversion, the odd-parity wavefunction of a triplet condensate prevents onsite triplet pairing unless the lattice has an even number of atoms per unit cell, related to each other via inversion. In this situation, the odd-parity nature of the condensate means that the onsite pair wavefunction reverses sign when reflected through the center of inversion
where a and σ are the orbital and spin indices, respectively. The key structural feature of FeSC is an iron atom enclosed in a tetrahedral cage of pnictogen or chalcogen atoms. The tetrahedra are packed in a checker-board arrangement, with a unit cell containing two iron atoms, separated by a common center of inversion, satisfying this requirement. We now show how tRVB predicts a condensate with the above properties.
In the parent compound of the FeSC, each tetrahedron contains two electrons within the three xz, yz or xy orbitals of the t 2g level, Hund's coupled into a S = 1, L = 1 manifold.
Consider the "atomic" limit of an isolated iron tetrahedron. Each pair of t 2g orbitals shares a common direction, for instance, the xz and yz orbitals share a common z axis, which in the presence of spin-orbit coupling causes [21] the Hund's interactions to develop an orbitally selective easy-plane anisotropy (Eq. 3),
Each of the three interaction terms stabilizes a triplet pair with zero spin component along a quantization axis ("d-vector") normal to its easy-plane (See Fig. 1c ), thus the xz and xy orbitals have d-vectord =x.
With the convention a ∈ {xz, yz, xy} = {1, 2, 3}, the projected angular momentum operator within the t 2g subspace is (L a ) bc ≡ −i abc . Defining the triplet pair creation operators
(5) can be written using summation convention as H I = −g ab Ψ † ab Ψ ab , with g ab = 1 4 (J H + J A δ ab ). In this way, we see that an anisotropy J A > 0 splits off a ground-state manifold of triplet pairs in which the orbital angular momenta and the spin quantization axis are aligned, The spin-orbit coupling H SL = −λ L · S causes the triplet valence bonds to resonate between orbitals, giving rise to a tRVB ground state |tRVB = ab Λ ab Ψ † ab |0 (see Fig. 1 ). Note that within the t 2g multiplet, the projected spin orbit interaction has a reversed coupling constant, with λ > 0, favoring L + S = 2 configurations. The structure of the resulting energy levels (see Fig. 1b ) is modelled by a crystal field Hamiltonian given by
where J = S + L is the total angular momentum, α ∼ J A , while η quantifies the tetragonal anisotropy of the environment. The simplest tRVB ground-state, where Λ ab = δ ab is a unit matrix, develops for the wrong sign of the spin-orbit coupling λ < 0. Two other tRVB states with Λ ab = diag(1, −1, 0) and Λ ab = diag(1, 1, −2) are stabilized for λ > 0, [21] , where the latter becomes the unique ground-state in the presence of a tetragonal anisotropy η > 0, see Fig. (1c) .
When the tetrahedra are brought together to form a conductor, charge fluctuations allow the escape of atomic triplet pairs into the conduction sea. We shall assume that the interactions present in the isolated tetrahedra are preserved in the metallic state that now develops. Imagine a lattice where the xy orbitals are weakly hybridized with the xz/yz orbitals at neighboring sites (we denote this amplitude as t 7 ). An onsite valence bond between an xz and xy orbital can tunnel to the neighboring site in a two step process: an xz electron first hops to a neighboring xy orbital, forming an intersite, intraorbital triplet pair, after which the xy electron follows suit and hops onto the neighboring site to reassemble the intra-atomic triplet bond. In fact, the electrons can tunnel in either order and the resulting tumbling motion of the tRVB causes its amplitude to alternate at neighboring sites. If this process becomes coherent, it leads to a staggered anomalous triplet pairing amplitude (see eq 4) ∆(x) = −∆(−x) as envisioned in [15] (see Fig. 2a ). For this motion to be sustained coherently, there must be two atoms per unit cell. To understand how this works in the FeSC, we note there is an additional non-symmorphic symmetry [25] , under which the lattice is invariant under a glide and mirror reflection through the plane. The opposite parities of the xy and xz/yz orbitals under glide reflection, means that the inter-orbital tunneling amplitude t 7 alternates (see Fig. 2b ). When the xz/xy and yz/xy pairs tunnel left, or right into the conduction sea, they do so with opposite amplitudes, causing the intersite, intraorbital triplet pairs to coherently condense in the same direction. This permits the phase-alternating tRVB pairs to coherently escape onto the Fermi surface (see Fig. 2c ), activating a logarithmic Cooper divergence in the pair susceptibility. The non-symmorphic symmetry of the FeSC allows us to absorb the staggered order into a staggered gauge transformation of the xz/yz orbitals [26] , ψ xz/yz (j) → (−1) jx+jy ψ xz/yz (j). This transformation unfolds the Brillouin zone and allows to treat each iron atom on an equal footing.
Following [1] we introduce the tRVB wave function as the Gutzwiller projection of a BCS-like wave function
Here P G is the Gutzwiller projector to n < 2 electron per site. The functions L = g Λ g (k)λ g with g = 1...8 can be expanded in the eight-fold space of Gell-Mann matrices which span the t 2g multiplet. The triplet character of the condensate means that L(−k) = −L T (k), so the three anti-symmetric λ g ∈ {L a } 3 a=1 matrices combine with even parity functions Λ s (k) = Λ s (−k) to describe the onsite, orbitally antisymmetric pairing, while the five symmetric λ g , combine with odd-parity p-wave functions Λ a (k) = −Λ a (−k), to describe the tRVBs that have escaped to the Fermi surface.
To calculate the properties of the tRVB wavefunction, we adopt a Gutzwiller mean field approach, assuming that the action of the microscopic Hamiltonian beneath the projection operator P G can be modelled by an appropriately renormalized mean-field Hamiltonian.
Both the development of weak coupling superconductivity and of tRVB states follow from a Cooper instability of the Fermi surface [22] . Motivated by our discussion of the isolated tetrahedron, we now rewrite the Hund's interaction, Eq. (5) in the form of a BCS theory
For t 2g materials, the states at the Fermi surface are composed of three component Bloch wave functions u n,k which are eigenstates of the kinetic term H kin (k) u n,k = n (k) u n,k . On the Fermi surface, the band-diagonal matrix element of the gap function is given by
The d-vector vanishes if the Bloch wave function u n−k = u nk is symmetric, since u n,k × u n,k = 0. Fortunately, the non-symmorphic character of the lattice mixes the xy and xz/yz orbitals, so that u nk = u n−k , which allows the d-vector to be finite.
The simplest mean-field theory, corresponding to ∆ ab = ∆diag(1, 1, −2), models the ironbased superconductors as a two dimensional conductor with Hamiltonian
Hereψ k is a Nambu spinor in the space of orbital, spin and charge (isospin) space. The pairing term (σ 1 L 1 + σ 2 L 2 )τ 1 term retains the essential tRVB pairing components that mix the xy and xz/yz orbitals at the Fermi surface and is sufficient to gap out the Fermi surface.
In our two dimensional model the component σ 3 L 3 τ 1 has no weak-coupling support on the Fermi surface but induces inter-band pairing between xz and yz orbitals [13] . The term
describes the band-dispersion [26] , where a k = 2t and inherently accounts for intra-atomic Coulomb repulsion [30] . Second, there are multiple sign changes of the triplet d vectors on and in between the various Fermi surfaces (Fig. 3c ).
The finite winding number of the d vector around each pocket may lead to interesting topological behavior. At the same time the relative sign d e (k) · d h (k ) < 0 between d-vectors on electron and hole pockets has the potential to explain features in quasiparticle interference (QPI) [31, 32] and subgap spin-resonance [33] , which were previously interpreted as s ± pairing (see [21] for details). Finally and most strikingly, tRVB predicts a Hund's driven staggered superconductor.
To detect such a state in FeSC and other candidate materials, we propose to investigate the Josephson effect with a superconducting STM tip. The alternating superconducting phase will lead to a staggered π-junction behavior as a tip is swept across the material.
Finally, we mention the possible relevance of tRVB to other superconductors of current 
is a resonating valence bond state of triplet pairs (see Fig. 4 ), given by a weighted sum over bond configurations
Here A P is the amplitude for a given configuration |P of triplet valence bonds (tVBs) and
2 is an m = 0 triplet valence bond formed between sites i and j. In contrast to its singlet cousin, which has been extensively studied, the properties of tRVB ground-states are largely unexplored. One of the important points that was learned from the study of RVB ground-states, is that even nearest neighbor, "dimer" coverings can exhibit off-diagonal long range antiferromagnetic order (see eg. [36] ). Similar behavior is expected for the dimer tRVB state.
The consistency of tRVB theory requires that the action of the Hamiltonian on any configuration of the triplet valence bonds (tVBs) is closed within the space of tVBs, i.e that the action of the Hamiltonian on a given bond, H ij lies exclusively within the space of states {|P }, so that H ij |P = P |P h P P (ij). We can rewrite the isotropic part of the Hamiltonian in terms of the spin exchange operator P ij ,
FIG. 4: Bond configurations in a tRVB wavefunction.
The action of P ij permutes the ends of the valence bonds, so it is closed within the Hilbert space of tVBs, however the action of the additional Ising component H I ij = ∆JS z i S z j needs to be considered with care.
There are two configurations of the tVBs to consider (Fig. 5) . If there is a triplet valence bond between i and j, then it is unaffected by the Ising term S z i S z j |(i, j) = − 1 4 |(i, j) (Fig.  5a ). If however, there is no bond between sites i and j, then we must have two separate tVBs, one linked to site i, the other to site j. In this situation, the Ising term has the effect of converting two triplet bonds ending at i, j into two singlet bonds which at first sight, suggests that the space of tVBs is not closed under the action of H ij . However, we now demonstrate that the space is closed. To this end we carefully take into account the overcompleteness of the basis of valence bonds states. (Fig. 5b) . The action of the Ising part of H ij on two bonds linked to i and to j converts them to singlet bonds (dashed lines), which can then be re-written as a sum of two tVB configurations.
If (i, l) and (j, m) are two triplet valence bonds from other sites l and m which terminate at i and j respectively, then
where we have employed the commutator notation
describe singlet RVBs. At first sight, this implies that the Ising terms will lead to a mixture of singlet and triplet bonds. However, the overcompleteness of the RVB representation, allows us to represent these two singlet bonds as a superposition of triplet bonds (see Fig.   5b ). Direct algebraic expansion confirms that
which guarantees that the tRVB manifold of states that is closed under the time-evolution.
II. ON-SITE HAMILTONIAN FOR THE t 2g SHELL: DERIVATION OF MAG-NETIC ANISOTROPY FROM SPIN-ORBIT INTERACTION
In this section we derive the anisotropy term J A for a multiorbital system with spin-orbit coupling. We consider the following simplified model Hamiltonian for the t 2g shell
Here,n a = ψ † a ψ a ( S a = ψ † a σψ a /2) is the electronic charge (spin) operator. The spin-orbit coupling (SOC) λ can be regarded as the amplitude of spin-dependent interorbital tunneling, e.g. for d xz , d yz orbitals H SOC = iλd † xz σ z d yz + H.c. (note the unusual sign λ > 0 in the t 2g shell [37] ). In the limit when intraorbital repulsion U exceeds the interorbital repulsion U , double intraorbital occupancy can be eliminated by generalizing the Schrieffer-Wolff transformation to spin dependent hopping and readily leads to [Eq. (4) of the main text]
with
In this way, the entanglement associated to both conventional singlet RVB and tRVB orginate from strong correlations by means of the superexchange mechanism.
III. SYMMETRY CONSTRAINTS ON tRVB
One of the key aspects of the tRVB theory, is the ability of local triplet pairs, formed within an atom, to escape and form a coherent condensate on the Fermi surface. Here we illustrate how the constraints of inversion symmetry in the FeSC allow this process to take place.
From Eq. (8) of the main text, the tRVB BCS Hamiltonian is
where the sum is over half the Brillouin zone, to avoid double-counting. Following the notation of the main text, we denote the multi-orbital Bloch wavefunctions by u n,k , which are the eigenstates of the tight-binding Hamiltonian, H kin (k) u n,k = n (k) u n,k . As we show in (III A) the band diagonal pairing matrix elements of the superconducting gap are then related to the eigenvectors u n,k according to
Here |n, −k, α; nkβ = a † nkβ a † n,−kα |0 is a is a triplet pair of electrons in the n-th band and and the d-vector
where [∆] ab = ∆ ab is the onsite gap function.
A finite magnitude of the vector u n,k × u n,−k plays a crucial role, for it allows the onsite pairing to migrate to the Fermi surface, giving rise to a gap ∆ n (k) ∼ | d n (k)| that grows linearly with the order parameter ∆. Moreover, the linear growth of the Fermi surface gap with the order parameter guarantees that the pair susceptibility will acquire a logarithmically divergence in temperature, allowing for a Cooper instability at arbitrarily weak coupling.
Conversely, if u n,k × u n,−k = 0 is zero, the pairing is entirely inter-band in character, there is no weak-coupling instability and the superconducting gap does not grow linearly with the order parameter.
In section (III B) we discuss the conditions under which u n,k × u n,−k is finite.
A. Derivation of the matrix element
The pairing component of the Hamiltonian can be written out as
where band and spin indices denotedψ T −k = ψ T −k (−iσ 2 ). To transform this into the bandbasis, we note that the components of u n,k can be written in Dirac notation as the overlap between the orbital and band bases (u n,k ) α = kα|nk , where α is the orbital index, and n the band index. Now using completeness, the relationship between "bras" in the two bases is kα| = n kα|nk nk|, and since destruction operators transform like "bra"s, it follows that ψ ka = n kα|nk a nk , or in terms of u n,k and band annihilation operator a nk ,
whereā T n,−k = a T n,−k (−iσ 2 ). Using these relationships, we can re-write the pairing term in the band-basis as
where the d-vector
Now since [L a ] bc = −i abc , it follows that
where we have used a matrix notation to write ∆ ab ≡ ∆. The ability of local pairs to migrate onto the Fermi surface depends on the band-diagonal component of this matrix element,
where we have denoted d n (k) ≡ d nn (k). Notice that because the cross-product is antisymmetric, the diagonal d-vector is odd parity in momentum,
Let us now compute the the amplitude to destroy a triplet Cooper pair out of the vacuum, 0|H P |n, −k, α; n, kβ , where where |n, −k, α; n, kβ = a † nkβ a † n,−kα |0 . Substituting this into Eq (22) and explicitly exposing the spin indices, we obtain 0|H P |n, −k, α; nkβ = 0|H P a † nkβ a † n−kα |0 = l,m,γ,δ 0|a l,−kγ d lm (k) · (−iσ 2 σ) γδ a mkδ a † nkβ a † n−kα |0
As a second step we discuss the symmetry enforced properties of u n,k in our two di- 
For the case ∆ ab = ∆diag(1, 1, −2) considered in the paper,
Note that the d vector is in the x-y plane and its value crucially depends on the xy orbital admixture of the electrons at the Fermi surface. In other words, if the xy orbital is localized there will be no triplet superconductivity. 
We use the notation ∆(k) = d(k) · σ + d (0) (k) and use the band index n, e.g. in the energy E n (k) = ξ 2 n + (d 
A. Local density of states and QPI
The even and odd frequency parts to the impurity contribution [38] to the local DOS in
for Λ e (q, z), 
When the STM bias voltage eV is close to or below the superconducting gap, the sign 
where Y (k, T ) = dξ 1/(4T cosh 2 (E/2T ))
In the limit if small ∆, where Eq. for relative momenta connecting electron and hole pockets. This is consistent with a spin resonance at q = (0, π); (π, 0).
